ABSTRACT Animal health benefits from a stable intestinal homeostasis, for which proper development and functioning of the intestinal microbiota and immune system are essential. It has been established that changes in microbial colonization in early life (the first 2 wk post hatch) impacts the functioning of the adult gut and the associated crosstalk between microbiota and intestinal mucosal cells. The aim of the present study was to study the effect of the administration of antibiotics later in life (d 15 to 20 post hatch) on microbiota and immune parameters. For this purpose, chickens received from 15 d post hatch during 5 d amoxicillin or enrofloxacin through their drinking water. Before and at 6, 16, and 27 d after start of the administration of antibiotics, the composition of the microbiota in the jejunum was determined using a 16S ribosomal RNA gene-targeted DNA microarray, the CHICKChip. At 6 d after the start of the administration of the antibiotics, the composition and diversity of the microbiota were affected significantly (P < 0.05), but this change was small and observed only temporarily since differences disappeared at 16 d after initiating treatment with amoxillin and at 27 d after starting treatment with enrofloxacin. Intestinal morphology and development were not visibly affected since there were no differences between villus/crypt ratios and numbers of PAS+ and PCNA+ cells in the duodenum and jejunum at any time point. At 16 d after the start of antibiotic administration, the number of CD4 + T-cells and CD8 + T-cells in the duodenum was lower compared to the control animals; however, this difference was not significant. At some time points, significant differences (P < 0.05) were observed among the groups to locally expressed IL-8, IL-1β, IFN-γ, IL-2, and IL-4 mRNA. However, this effect was not long lasting, as differences that were observed at 16 d after starting the treatment had disappeared at 27 d after treatment was started. The results of this study indicate that later in the broiler's life, antibiotics only temporarily affect intestinal microbial and immune parameters.
INTRODUCTION
Maintaining optimal health of chickens is highly dependent on the proper functioning of and homeostasis in the complex intestinal system. In this regard, colonization of the small intestine with microbiota and the simultaneous morphological and immunological development of the intestinal tissues are important. The key players that drive these processes -host mucosal cells, residing microbiota, dietary components, and the environment with pathogens -interact with each other and form the basis for the development and maintenance of C 2017 Poultry Science Association Inc. Received November 4, 2016. Accepted May 8, 2017. 1 Corresponding author: henk.wisselink@wur.nl a robust gut homeostasis and proper competence of the immune system. Immune competence is defined as the ability of hosts to respond in a proper and adequate way to cope with challenges with external stressors, including infectious invaders, and to tolerate feed antigens and commensal microorganisms. Immune competence is based on innate and specific (adaptive) signaling and defense mechanisms that are linked to each other.
The first 2 wk post hatch are of major immunological importance as the chickens are exposed to a variety of nutritional and environmental antigens, including pathogenic and non-pathogenic microorganisms. Gutassociated lymphoid tissue (GALT) contains functionally immature T and B lymphocytes at hatch, and that function is attained during the first 2 wk of life (Sayegh et al., 2000; Bar-Shira et al., 2003; Schokker et al., 2009 ) by a process indicated by "immune programming." The development of the intestinal immunity and integrity of the epithelial barrier is heavily influenced by microbiota and is affected by feed and environment. Immediately after hatch, the microbiota, mainly comprising bacteria, are formed and co-evolve with their host to dynamic and unique microbial communities along the intestine (Sklan 2001; Brisbin et al., 2008; Simon et al., 2016) .
It has been shown that early-life environment impacts the microbial diversity of the adult gut and subsequent immune processes (Mulder et al., 2009; 2011; Schmidt et al., 2011; Schokker et al., 2014; Hugenholtz et al., 2015; Simon et al., 2016) . Administration of antibiotics in chickens and in pigs during early life leads to an altered microbiota composition and diversity in the gut and affects the expression of numerous immune-related genes in the gut mucosal tissue for a longer period of time (Mulder et al., 2009; Mulder et al., 2011; Schmidt et al., 2011; Schokker et al., 2014; Simon et al., 2016; Schokker et al., 2017) . However, in none of the studies was it determined whether antibiotics affect the composition of microbiota and immune parameters at an older age and whether this perturbation has also a long-term effect. Therefore, we conducted an experiment with 16-day-old chickens that were exposed to 2 different antibiotics via drinking water for 5 days. Microbiota composition was determined, using a 16S ribosomal RNA (rRNA) gene targeted phylogenetic microarray, the CHICKChip, before and at different time points after administration of the antibiotics and compared it with that of an antibiotic-free control group. Furthermore, the direct or indirect effect of the antibiotics on local intestinal immune cells and morphology parameters was determined. Variation in the expression of local immune parameters was investigated by quantitative real-time PCR on a selected set of immune signaling molecules.
MATERIALS AND METHODS

Chickens
Sixty one-day-old Ross 308 male broilers were obtained from a commercial breeder (Pronk's Broederij, Meppel, The Netherlands). The chickens were maintained in wire-fenced floor pens on clean wood shavings. There was free access for the chickens to antibiotic-and coccidiostat-free feed and water. The study was approved by the institutional animal experiment commission "Dier Experimenten Commissie (DEC) Lelystad" (2010031.b) , in accordance with the Dutch regulations on animal experiments.
Experimental Design
In order to standardize the gut microbiota as much as possible, all chickens received after arrival Aviguard (Schering-Plough Animal Health, Boxmeer, The Netherlands), a mixture of live commensal bacteria that are representative of the mature bacterial communities in the ceca of adult chickens (Nakamura et al., 2002) .
For this purpose, 2.5 grams Aviguard were suspended in 100 mL of sterile distilled water, and 0.5 mL was administered to each animal by a gavage directly into the crop to ensure complete dose delivery.
At 11 d post hatch, chickens were randomly divided into 3 groups of 18 chickens each: a control group, an enrofloxacin-exposed group, and an amoxicillin-exposed group. The remaining 6 chickens were killed by cervical dislocation and sampled as described below.
At 15 d post hatch, the antibiotic administration started. Two antibiotics were used: enrofloxacin (Lanflox 100 mg/mL; Dopharma Veterinaire Farmaca, Raamsdonksveer, The Netherlands) and amoxicillin (Octacillin; Eurovet Animal Health, Bladel, The Netherlands). Administration of antibiotics was via drinking water for 5 d, and the d administration was started was defined as d zero. Calculation of the dosage of antibiotics was per kg body weight and determined on the basis of the daily average body weight and the average water consumption per group. The average daily antibiotic intake was 5 mg/kg enrofloxacin or 11 mg/kg amoxicillin, respectively. One d after termination of the antibiotic administrations, the chickens were placed in clean wire-fenced floor pens to prevent exposure to antibiotic residues in bedding material, feces, drinking water, and nipple drinkers. The experiment was terminated at 42 d post hatch, which was 27 d after start of the administration of antibiotics.
Individual body weights of the broiler chicks were recorded on d -4, -1, 2, 6, 9, 16, 23, and 27 relative to initiation of antibiotic exposure. To get insight into the dynamics of the intestinal microbiota and gut morphology and immunology after antibiotic administration, 6 chickens from each group were sacrificed at the following time points: immediately after completion of the antibiotic administration (d 6), midway (d 16) , and at the end of the experiment (d 27). The intestinal segments were removed from the chickens. Tissue and content samples were taken from the duodenum, jejunum, and cecum, snap-frozen in liquid nitrogen and stored at -80
• C until use. Adjacent parts of the duodenal, jejunal, and cecal tissue were fixed in 4% (v:v) buffered formalin.
Histopathology
Formalin-fixed duodenum and jejunum tissue sections (5 μm thick) were stained with haematoxylin and eosin (HE staining) and were examined morphologically by light microscopy for changes in the crypt depth and villus height as described before (Zekarias et al., 2005) .
Immunohistochemistry
Frozen duodenum and jejunum tissue sections (10 μm thick) were immunohistochemically stained for the detection of CD4 + T-cells and CD8 + T-cells by an indirect immunoperoxidase method as described before (Cornelissen et al., 2009 ). The images were acquired and analyzed with Image-Pro Plus (version 5.1, DVC Machinevision, Breda, The Netherlands).
Proliferating cell nuclear antigen (PCNA) was detected by immunohistochemistry in formalin-fixed duodenum and jejunum tissue sections (5 μm thick). The samples were deparaffinized and rehydrated, and endogenous peroxidase activity was blocked with hydrogen peroxide 1% (chicken) in 10% methanol/PBS for 10 minutes. Sections were incubated with Proteinase K solution (20 μg/mL) in 50 mM Tris, 1 mM EDTA pH 8.0 for 10 min at 37
• C in a humidified chamber. Sections were cooled to room temperature for 10 min and rinsed 3 times in PBS for 5 minutes. Non-specific binding sites were blocked with 0.5% (w/v) bovine serum albumin (PBS/BSA) (Sigma-Aldrich, St. Louis, MO) for 20 minutes. After washing, the sections were incubated with mouse monoclonal antibodies against recombinant rat PCNA (PC-10; Dako, Glostrup, Denmark) in PBS containing 0.1% BSA. The cellular markers were visualized using Dako Real TM EnvisionTM Detection System-HRP (K5007ENV) according to the manufacturer's instructions. Slides were counterstained in haematoxylin solution and mounted in Eukitt (Kindler GmbH & Co; Sigma-Aldrich, St. Louis, MO). Examination of the slides under light microscopy and scoring were as described before (Zekarias et al., 2005) . Per time point, 6 chickens were examined, and the mean scoring was calculated for the group at a given time period.
Goblet cell numbers were quantified in the jejunum and duodenum by staining neutral mucin with periodic acid-Schiff reagent (PAS) (Gaffney 1992) . After deparaffinization and rehydration, slides were incubated in 5 g/L of periodic acid for 15 min, then washed and incubated with Schiff's reagent (Sigma Chemicals Co., St. Louis, MO) for 30 minutes. After washing in warm water, slides were dehydrated and mounted. The number of PAS-positive cells in the villi were counted using Image-Pro Plus software (version 5.1, DVC Machinevision, Breda, The Netherlands). Per chicken and per staining, 5 images on 0.5 mm 2 were acquired and analyzed, giving a total of 36 data points for each group and each staining. The ratio of frequencies of PAS-positive cells of the exposed/average of the unexposed related control was calculated and resulted in fold change data.
Cytokine mRNA expression
To measure IL-8, IL-1β, IFN-γ, IL-2, IL-4, and IL-10 mRNA expression, total RNA was extracted from the frozen duodenum and jejunum tissue samples as described before Cornelissen et al., 2009) . Briefly, samples were homogenized in TRizol (Life Technologies Europe BV, Bleiswijk, The Netherlands) and total RNA was extracted. RNA was precipitated and cleared from contaminating DNA by treating with recombinant DNase I (Ambion, Life Technologies Europe BV, Bleiswijk, The Netherlands) according to the descriptions of the manufacturer.
For the quantification of cytokine mRNA, cDNA was made on RNA of the duodenum and jejunum tissues using random hexamer primers and reverse transcriptase. The PCR was employed with on-line detection of the PCR reaction using SYBR Green PCR Master Mix (Applied Biosystems, Life Technologies, Carlsbad, CA) in an ABI 7500 Real-Time PCR system (Applied Biosystems). Post amplification melting curves with SYBR Green Dye revealed one peak. Primers were as described before , and annealing temperatures were 59
• C. Relative expression values were normalized against 28S rRNA (Cornelissen et al., 2009) . For the quantification, a standard curve of the plasmid with the insert of the cytokine-encoding gene of interest, constructed in pGEM-T easy, was used (Promega Benelux b.v. Leiden, The Netherlands). Results were presented as mean fold induction in samples from 6 chickens for each time point.
Microbiota analysis
The jejunal and cecal contents of 4 randomly chosen chickens from each treatment group were analyzed for their microbiota composition. Microbial DNA was extracted from 250 mg of each sample using a fecal DNA extraction protocol adapted from Yu and Morrison (2004) , as previously described by (Salonen et al., 2010) . After extraction of microbial DNA, the microbial composition was detected by the CHICKChip, which is a phylogenetic microarray with 2,018 oligonucleotide probes based on 16S rRNA gene sequences of 570 chicken intestinal microbial phylotypes, designed according to the same principles previously described for the Human Intestinal Tract Chip (HITChip) (RajilicStojanovic et al., 2009) , the Mouse Intestinal Tract Chip (MITChip) (Geurts et al., 2011) , and the Pig Intestinal Tract Chip (PITChip) (Haenen et al., 2013) .
The protocol for hybridization and analysis of the generated data was performed as described before for the HITChip, MITChip, and PITChip (RajilicStojanovic et al., 2009; Geurts et al., 2011; Haenen et al., 2013) . Briefly, the bacterial 16S rRNA gene was amplified by using the primers T7prom-Bact-27-for and Uni-1492-rev (Rajilic-Stojanovic et al., 2009 ). The PCR products were transcribed into RNA, and the purified resultant RNA was coupled with CyDye prior to fragmentation and hybridization to the array. Microarray images were processed using Agilent's Feature Extraction Software, version 9.1 (Agilent Technologies). Data normalization and processing were performed as described (Rajilic-Stojanovic et al., 2009; Geurts et al., 2011; Haenen et al., 2013) .
Statistical analysis
Weight, immunohistochemistry, and cytokine mRNA expression data were analyzed for statistical significance by an ANOVA test followed by a Student's * P > 0.05 when the antibiotic-exposed group was compared with the control group. t test. Data were expressed as the mean and standard deviation. A P value < 0.05 was taken as the level of significance.
Multivariate analysis was applied for CHICKChip data interpretation. In order to relate changes in total microbial composition to the different antibiotic administrations, redundancy analysis (RDA) and principle response curve (PRC) analysis were used as implemented in the CANOCO 4.5 software package (Biometris, Wageningen, The Netherlands). Antibiotic administration classes were introduced as environmental (explanatory) variables. The signal intensities for 98 genus-level phylogenetic groups targeted by the CHICKChip were used as response variables. RDA was performed focusing on inter-sample correlation, and the Monte Carlo Permutation test was applied as implemented in CANOCO 4.5 to decide whether antibiotic administration had statistically significant influence on the microbial composition. The unrestricted permutation option (since the experiment had a randomized design) that yields completely random permutations was employed. Antibiotic administration was considered to significantly affect microbial composition with P values < 0.05. Triplot diagrams were generated using CanoDraw for Windows. PRC analysis is a specific type of RDA that is able to explain the variation in microbial composition between different experimental groups by including the different antibiotic administrations as explanatory variables, and the interaction between antibiotic administration and sampling times as covariables.
RESULTS
Weight
Chickens received from 15 d post hatch during 5 d amoxillin or enrofloxacin through their drinking water. At d 6, 9, and 16 after first administration, the amoxicillin-exposed chickens had a significantly (P < 0.05) lower weight, compared to the unexposed chickens. At 27 d after antibiotic administration, this difference had disappeared, and the mean average weight of chickens in all 3 groups was the same at that time point ( Fig. 1; Table 1 ).
No differences in weight gain were observed in chickens exposed to enrofloxacin compared to the mean weight gain of the control chickens.
Microbiota analysis
The CHICKChip was designed based on the same principles as the HITChip, MITChip, and PITChip platforms targeting the human, mouse, and porcine intestinal microbiota, respectively (Rajilic-Stojanovic et al., 2009; Geurts et al., 2011; Haenen et al., 2013) , and was applied to determine the composition and dynamics of intestinal microbiota in chickens. The main aim of the analysis was to identify possible differences in time and after amoxicillin and enrofloxacin administration. The focus of the analysis was on cecal and jejunal microbiota. Differences were observed in the diversity of the cecal microbiota, in particular at d 6 after start of the 5-day exposure to both antibiotics (Fig. 2, d 6) . At that d, the diversity of cecal microbiota was significantly (P < 0.05) decreased in the antibiotic-exposed chickens compared to the chickens not antibiotic exposed. Ten d later (at d 16 after start of administration), a significant (P < 0.05) increase was observed in cecal microbiota diversity from chickens exposed to enrofloxacin compared to the control chickens. A similar trend was not observed in chickens exposed to amoxicillin. At 27 d after start of the 5-day antibiotic administration, no significant differences were observed in diversity of cecal microbiota in antibiotic-exposed chickens compared to the unexposed chickens.
In the jejunal microbiota, no significant differences in diversity due to antibiotic administration were observed (data not shown). In addition to the overall diversity of the microbiota, multivariate analysis revealed changes in microbial composition in jejunal and cecal content in both antibiotic-exposed groups, especially during the administration of antibiotics (d 6 after start of administration), but also after the antibiotic administration was stopped (d 16 after start of administration), whereas no significant changes between control and either of the exposed groups could be observed at 27 d after the start of the exposure to antibiotics (Fig. 3) .
Influence of antibiotic administration on gut morphological parameters
The villus/crypt ratio, villus height, and crypt depth were determined in samples from the duodenum and the jejunum tissues. The results showed that there were no changes in these parameters either with time or between the antibiotic-exposed and the unexposed groups ( Fig. 4; Table 1 ). + and CD8 + cells in the duodenum and jejunum from groups of 6 chickens. Chickens not exposed to antibiotics were taken as control.
The number of goblet cells was counted in tissue samples of the duodenum and the jejunum. The results showed that the number of goblet cells in the duodenum and in the jejunum in the antibiotic-exposed groups and the control group were essentially the same (Fig. 4) . Differences were observed between time points and treatments; however, these differences were not significant.
The results of the determination of the PCNA positive cells as a marker for proliferating cells in the duodenum and jejunum showed that the differences between the antibiotic-exposed groups and the control group was small (Fig. 4) . The largest difference in the number of PCNA positive cells was measured in the amoxicillinexposed group compared to the unexposed chickens. In the jejunum, a higher number of PCNA positive cells were present at 27 d after the start of the antibiotic administration ( Fig. 4; Table 1 ). On the other hand, in the duodenum in the amoxicillin-exposed group at d 27, less PCNA-positive cells were counted than in the control group. However, these differences were not significant.
Influence of antibiotic administration on gut immune parameters
The numbers of CD4 + and CD8 + cells in the duodenum and in the jejunum tissue samples were counted. The results showed that in the duodenum of the antibiotic-exposed broilers at 16 d after the start of the antibiotic administration, fewer CD4 + cells were counted (Fig. 5 ). This effect also was observed with the numbers of CD8 + cells. However, the differences were not significant. In the jejunum, there were fewer CD4 + cells determined only in the broilers exposed to enrofloxacin. However, this difference was also not significant.
Quantitative real-time PCRs were performed for determination of proinflammatory (IL-8 and IL-1β), T-helper 1 (IFN-γ and IL-2) and T-helper 2 (IL-4, IL-10) expression profiles in mRNA from duodenum and jejunum tissue samples. In comparison with the control group, there was a significantly (P < 0.05) higher mRNA expression of genes encoding IL-1 β, IL-2, and IL-8 (on average per group, respectively, 1.8, 1.6, and 4.8 times) in the duodenum of the enrofloxacinexposed group at 16 d after the start of the antibiotic administration. IL-4 mRNA differed also at 16 d after start of the antibiotic administration significantly (P < 0.05) from the unexposed control group. It was down-regulated 0.6 times in the amoxicillin-exposed group (Figs. 6a and 6b; Table 1 ).
IFN-γ mRNA was significantly (P < 0.05) lower in the jejunum of chickens of both antibiotic-exposed groups 6 d after antibiotic administration (on average per group for amoxicillin 0.3 and for enrofloxacin 0.4 times) ( Fig. 6b; Table 1 ).
DISCUSSION
During early life (the first 2 wk post hatch), antibiotics have been shown to exert long-term effects on intestinal microbiota and immune parameters (Mulder et al., 2009; 2011; Schmidt et al., 2011; Schokker et al., 2014; 2017) , although it should be noted that it also has been reported for chickens that such treatment only transiently affected microbial colonization, whereas more sustained, long-term effects on gut immune function were observed (Simon et al., 2016) . In this paper, we studied the effect of administration of antibiotics later in life (d 15 to 20 post hatch) of chickens on these parameters and whether this perturbation has also a long-term effect. Antibiotics are mainly used in practice to cure infections. In this study, they were used as a tool to disturb the "normal" composition of the microbiota and to be able to study simultaneously the development of the intestinal immune system.
It has been described that early-life colonization of the gut in chickens is highly variable among individual chickens (Stanley et al., 2013) . To standardize the gut microbiota as much as possible, in this study chickens received Aviguard (Nakamura et al., 2002) at one d post hatch in order to gain a rapid development of a balanced and normal mature gut microbiota as homogeneous as possible.
The results of this study showed that antibiotics affect intestinal immune parameters later in life of the chickens; however, these effects were relatively small and temporary. Apparently, the intestinal immune system of a 16-day-old chicken is able to rapidly restore homeostasis after ceasing the perturbing conditions of Figure 6a . Effect of an antibiotic administration during 5 days at 15 to 20 d post hatch on cytokine expression in the duodenum from 6 chickens. Chickens not exposed to antibiotics were taken as control.
* P > 0.05 when the antibiotic-exposed group was compared with the control group. the antibiotics, most probably due to the specific immune programming process during early life. This suggests that the window of opportunity for interventions of the microbiota and intestinal immune development is mainly limited to the earliest life phase, and, as we showed, it can hardly be extended beyond that period.
No morphological changes were observed in the intestine, although in the amoxicillin group a reduction in growth was found. An explanation for the absence of morphological differences could be that forming of crypts and villi has already reached a constant level in the first 2 wk of life (Geyra et al., 2001; Sklan 2001) or that the observed changes in microbial composition did not affect the morphology parameters we measured.
As expected, antibiotics transiently changed the microbiota, both with respect to diversity of cecal microbiota as well as composition of microbial groups occurring in the jejunum and the cecum. Similar to what was found here, a temporary reduction in microbial diversity due to exposure to antibiotics has been observed previously in piglets born to amoxicillin-exposed sows (Arnal et al., 2014) . On the other hand, an increased microbial diversity also has been found after single antibiotic administration in pigs shortly after birth (Schokker et al., 2014) , whereas no changes in fecal microbial diversity were observed in laying hens treated with different antibiotics during the first wk of life. (Simon et al., 2016) . Some significant changes at 5 or 16 d after antibiotic administration were seen in the intestinal immunological development as a response probably associated with a change in microbiota, because cytokine mRNA expression either in the duodenum or jejunum was up-or down-regulated. Although the microbiota were different in both antibiotic groups, both aberrant constellations affected the immune system.
There is also a possibility that there is a direct effect of antibiotics on the intestinal tissue (Niewold 2007) . The results of the present experiment do not enable an unambiguous conclusion about a direct or indirect effect of antibiotics on intestinal immunity. The fact that the effect on immune parameters was seen at 16 d after start of the 5-day antibiotic administration, however, points towards an indirect effect that followed the initial change in microbiota composition. This is underlined by findings of others that changes in microbiota composition of egg-laying hens in response to antibiotic therapy and antibiotic withdrawal were quite rapid and could be observed within 24 h after the change in therapy status (Videnska et al., 2013) . Furthermore, studies did show the association of the microbiota and immune system (Oakley et al., 2014) .
In summary, the results obtained in this study show that antibiotics affect the composition of microbiota and immune parameters in older birds. However, these changes were temporary.
